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Attribute-based neural substrates
in temporal cortex for perceiving
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The cognitive and neural mechanisms underlying category-specific knowledge remain controversial.

Here we report that, across multiple tasks (viewing, delayed match to sample, naming), pictures of
animals and tools were associated with highly consistent, category-related patterns of activation in
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ventral (fusiform gyrus) and lateral (superior and middle temporal gyri) regions of the posterior
temporal lobes. In addition, similar patterns of category-related activity occurred when subjects
read the names of, and answered questions about, animals and tools. These findings suggest that
semantic object information is represented in distributed networks that include sites for storing
information about specific object attributes such as form (ventral temporal cortex) and motion

(lateral temporal cortex).

Studies of patients with focal brain damage suggest distinctions in
the cortical representation of objects from different semantic cat-
egories. The most frequently documented distinction is between
living and non-living things (for example, animals and tools; see
refs.1, 2 for critical reviews). Previous neuroimaging studies
examining this distinction have reported greater activity in occip-
ital cortex for animals than for tools*-°. Converging evidence in
support of this finding has recently been provided by a study of
patients with focal cortical lesions®. Although these findings are
consistent with the argument that distinctions among different
animals depend on access to information about subtle differences
in visual features (for example, ref. 2), it is nevertheless surpris-
ing to find category-selective activity so early in the visual pro-
cessing stream. We have previously suggested that this result may
be due to top-down modulation of early visual areas by more
anterior sites in the ventral, object-processing pathway*. If so,
then there also should be category-selective activity farther along
the object-processing stream to drive this process. Consistent
with this idea are reports of patients with damage to ventral tem-
poral cortex, often as a result of herpes simplex encephalitis, who
are significantly more impaired at naming and retrieving infor-
mation about animals than about tools and other manipulable,
man-made objects”’.

Activation of posterior ventral temporal cortex has been
reported in positron-emission-tomography studies of object nam-
ing®>1011 word reading'®!? and semantic association'>'4. Howev-
er, no region in ventral temporal cortex has been identified that
responds more in semantic tasks involving pictures of animals
than tools. Instead, the most common category-related finding
in posterior temporal cortex has been in the opposite direction
(greater for tools than animals) and centered on the lateral, rather
than the ventral surface (left middle temporal gyrus)*!5-1°.

In contrast, functional magnetic resonance imaging (fMRI)
studies have reported category-related dissociations in the pos-
terior ventral temporal cortex for a variety of other object cate-
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gories, including faces?*-24, houses/buildings?+2¢, letter strings?*?’
and chairs?8. These results suggest that the increased spatial
resolution provided by fMRI may reveal previously unobserved
category-related dissociations for processing animal and tool
stimuli in this region. In the current study, we investigated the
functional neuroanatomy of category specificity for animals and
tools using a large corpus of stimuli, concentrating on the pos-
terior temporal cortex. Pictures of faces and houses also were
included to provide anchor points for evaluating the location of
activations associated with animal and tool stimuli. Our find-
ings show a consistent pattern of category-related activity across
tasks and individual subjects in both the ventral and lateral sur-
faces of posterior temporal cortex. Moreover these differences
were similar regardless of whether the stimuli were pictures of
objects or their written names.

REsSULTS

Behavioral data collected during scanning documented that there
were no significant differences in reaction time (mean =* s.e., 725
+ 27.0 ms; 767 £ 27.5 ms) or accuracy (percent correct, 97
1.4%; 95 + 1.2%) between animal and tool stimuli used in the
matching task. The animal and tool stimuli used in the naming
study were equated for naming time (963 + 17.0 ms; 989 £ 12.5
ms) and accuracy (95 £ 0.8%; 94 £ 0.7%) as determined by a
separate study (n = 12, none of whom participated in the imag-
ing studies).

All subjects showed differential, category-related activations
by fMRI. Animal stimuli produced a greater response than tools
in two regions of occipital cortex. One of these regions was locat-
ed medially, centered on the calcarine fissure; the other was locat-
ed more laterally and inferiorally in the inferior occipital gyrus
(Table 1).

Category-related activity also was found further downstream
in posterior temporal cortex for both animal and tool stimuli
during viewing, matching and naming. Relative to tools, animal
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for all tasks. Relative to tools, animal stimuli acti-
vated a region in posterior superior temporal sul-
cus (STS; Table 1 and Figs. 1a and 2c). This
response was more common in the right hemi-
sphere. Pictures of human faces also activated this
region (Table 2 and Fig. 1b). Once again, the neur-
al response associated with animals and faces were
similar but not identical. Pictures of animals elicit-
ed a stronger response than faces in the more infe-
riorally located middle temporal gyrus (percent
signal change, viewing animals, 0.5%; faces, 0.3%;
animals versus faces, p < 0.0001; matching animals,
0.7%; faces, 0.3%; animals versus faces, p < 0.0001;
Fig. 2d). Therefore, as in the ventral temporal cor-
tex, the response to faces was more focal than the
response to animals.

In the middle temporal gyrus, tool stimuli
elicited significantly greater activation than ani-
mals for all tasks (Figs. 1a and 2d). This response
was more common in the left hemisphere. In con-

Fig. |. Examples of category-related activations in three representative subjects. trast, pictures of houses produced the least amount
Category-related activations associated with animals and tools (a) and faces and houses of activity in the middle temporal gyrus relative to
(b) during viewing, matching and silent naming tasks. Talairach and Tournoux coordinates®® the other object categories (0.2% activation versus
for the coronal sections are indicated below the images. Voxels displayed in color demon- 1,19, for tools, 0.5% for animals, 0.4% for faces;
strated an overall experimental effect (Z > 3.09). The color of each voxel reflects an inde- Fig. 2d) and failed to elicit activity in STS (0.02%

pendent test of the significance of the contrast between animals and tools or between
faces and houses. Animal- and face-responsive regions are in the red—yellow color spec-
trum; tool- and house-responsive regions are in the blue—green spectrum. Note that the
data sets for viewing, matching and naming tasks are independent, yet they demonstrate
remarkable agreement on the locations of borders between animal-responsive (2, lateral

activation versus 0.6% for faces, 0.7% for animals,
0.2% for tools; Fig. 2¢).

If these category-related activations identify
regions where we store information about critical

fusiform gyrus; 4, superior temporal sulcus) and tool-responsive (I, medial fusiform; 3, object properties>?, then words representing these

middle temporal gyrus/inferior temporal sulcus) regions.

objects also should activate these regions. To test

stimuli elicited significantly greater bilateral activation in the lat-
eral region of the fusiform gyrus including the occipitotempo-
ral sulcus (Table 1 and Fig. 1a). Pictures of faces also produced
a robust response in this region of the fusiform gyrus (Table 2
and Fig. 1b). In contrast, relative to animals, tool stimuli elicited
significantly greater bilateral activation in the medial portion of
the fusiform gyrus, including the collateral sulcus (Table 1 and
Fig. 1a). Pictures of houses also elicited a robust response in this
region (Table 2 and Fig. 1b).

In addition to this general clustering of biological objects (ani-
mals, faces) in the lateral fusiform gyrus and non-biological
objects (tools, houses) in the medial fusiform gyrus, there were
finer-grained distinctions among these object categories. Specif-
ically, the response to human faces was consistently more focal
than the response to animals. Thus, whereas both categories of
objects elicited a strong response in the lateral region of the
fusiform gyrus (Fig. 2a), pictures of animals also produced a sig-
nificant response in the more medial region of the fusiform gyrus
whereas faces did not (Fig. 2b; percent signal change, viewing ani-
mals, 0.2%; faces, —0.2%; animals versus faces, p < 0.0001; match-
ing animals, 0.7%; faces, 0.4%; animals versus faces, p < 0.003).
Similarly, direct comparison of the response to tools and houses
revealed a consistent, category-related differentiation in the medi-
al portion of the fusiform gyrus. In eight of nine subjects who
showed differential responses to both tools and houses, the voxels
that responded preferentially to tools were lateral to the voxels
that responded preferentially to houses (Fig. 3).

The lateral surface of the posterior temporal cortex also
demonstrated differential responses to animal and tool stimuli
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this idea, subjects were required to read and answer
general questions about the written names of ani-
mals and tools. This task produced a topological
arrangement of activations similar, in part, to the pattern asso-
ciated with naming pictures of objects from these categories.
Reading the names of and answering questions about animals
activated the inferior region of the occipital lobe, lateral fusiform
gyrus and left STS. In contrast, reading the names of and answer-
ing questions about tools activated the medial fusiform gyrus
and the left middle temporal gyrus (Table 1 and Fig. 4a). In addi-
tion, voxels in the right lateral fusiform gyrus that were signifi-
cantly more active when subjects answered questions about
animals also showed a greater response when subjects named ani-
mal pictures (p < 0.05). Similarly, voxels in the right medial
fusiform and left middle temporal gyri that were significantly
more active when subjects answered questions about tools were
also more active when subjects named pictures of tools (p < 0.05;
p < 0.0001 for right medial fusiform and left middle temporal
regions, respectively; Fig. 4b). These were the only voxels signif-
icantly active in both tasks.

DiscussioN

The results of these studies documented a consistent pattern of
category-related activations in the posterior cortex across a vari-
ety of different tasks. First, as reported in previous neuroimaging
studies®>, photographs of animals elicited greater activity in the
medial occipital cortex than did photographs of tools. In addi-
tion, animals produced greater activity in the inferior occipital
gyrus than tools. Because the inferior occipital activity occurred in
response to both photographs of animals and their written names,
it cannot be attributed to the greater visual complexity of the ani-
mal stimuli relative to tools. This finding is consistent with the
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Table I. Regions showing differential responses to animals (A) and tools (T).

Region Selectivity Task (n/N) Hemisphere Talairach coordinates
(n) (xy,2)
Occipital lobe
Medial occipital region A>T viewing (5/8) R (5) 15,-92, |
L(3) -9,-88,9
matching (4/4) R (4) 12,-87,-7
L(I) -17,-97,-16
naming (6/14) R (5) 15,-93, -1
L(3) —11,-96,2
reading (0/8) R (0) —_—
L (0) _
Inferior occipital gyrus A>T viewing (7/8) R (7) 33,-84,-5
L (4) -30,-81, -1
matching (3/4) R (3) 29, -84, 11
L@3) —36,-78,-15
naming (12/14) R (12) 41,-80,-10
L(9) —-36,-80,-10
reading (5/8) R (3) 31,-76,-15
L(2) -29,-72,-18
Ventral temporal lobe
Lateral fusiform gyrus A>T viewing (6/8) R (6) 38,-56,-12
L (4) —40,-59,-10
matching (2/4) R (2) 41,-53,-20
L(I) —-35,-59,-20
naming (14/14) R (14) 37,-52,-20
L(12) —37,-55,-20
reading (6/8) R (5) 37,-55,-21
L4) —40, -56, -21
Medial fusiform gyrus T>A viewing (6/8) R (4) 26,48, -9
L (6) —26,—47,-5
matching (3/4) R (1) 32,-65,-19
L(3) —26,-53,-17
naming (13/14) R(8) 26,-47,-16
L(13) —27,-50,-15
reading (6/8) R (4) 23,-59,-11
L@3) -32,-53,-17
Lateral temporal lobe
Superior temporal sulcus A>T viewing (4/8) R (4) 53,-54, 16
L(I) —42,-59, 19
matching (2/4) R (2) 43,-61, 12
L (0) _
naming (6/14) R (5) 52,-59, 15
L(2) —43,-63,8
reading (2/8) R (0) _—
L(2) —64, 40, 6
Middle temporal gyrus T>A viewing (6/8) R (3) 40,-53,0
L (6) —46,-55,3
matching (3/4) R (1) 46, -56, 4
L(3) —47,-54, 6
naming (12/14) R (1) 50,-54, 6
L(12) -45,-57,7
reading (7/8) R (0) _—
L(7) —49,-52,-3

N, total number of subjects tested; n, number of subjects who showed significant, category-related activation (p < 0.05).
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idea that retrieving information about objects that are differen-
tiated primarily by differences in visual form (that is, four-legged
animals) requires top-down activation of visual processing areas.
Within this context, our finding of a region in the ventral tempo-
ral lobe that responded more strongly to animals than tools may
provide a neural basis for selective semantic deficits for animals
and other living things following temporal lobe lesions’-, possi-
bly as a consequence of disrupted function of this area and its
feedback connections to occipital cortex.

Within the fusiform gyrus, different activation patterns were
noted for each object category tested. Previous studies of object
naming*>1%!1, word reading!®'2 and semantic association'> have
activated this region of ventral temporal cortex ([4.5-6 cm pos-
terior to the anterior commissure). The present fMRI data not
only confirmed the importance of this region for semantic pro-
cessing, but also revealed category-related activations that were
highly consistent across individual subjects and processing tasks.

The more lateral aspect of the fusiform gyrus responded more to
animals than to tools. Consistent with other reports, this region
also responded strongly to human faces?*->4 however, the fusiform
activations associated with faces and animals were not identical. In
particular, animals elicited a stronger response in the medial
fusiform gyrus than did faces. This finding suggests that although
animal and face recognition may depend, at least partially, on a
common neural substrate, faces may be processed by a more dis-
cretely organized system. This finding, in turn, may provide a neur-
al basis for why prosopagnosia, or the inability to recognize faces,
can occur as an isolated disorder in some patients®! and also why
difficulty identifying four-legged animals is a common, perhaps the
most common, co-occurring symptom in prosopagnosic patients®.

Similarly, and again consistent with recent reports?*-2¢, the
medial fusiform region that responded strongly to tools also
responded strongly to houses. However, as was the case for the
animals and faces, direct comparison of houses and tools revealed
finer-grained distinctions between these object categories as well.
The peak activity associated with tools was consistently lateral to
the peak activation associated with houses. These findings sug-
gest that the pattern of response to different object categories
varies continuously across the posterior ventral temporal cortex.
For this reason, we believe the ventral temporal cortex may be
organized according to object features that cluster together?®2.
The nature of these features remain to be determined. However,
because the fusiform gyrus is part of the ventral object-vision
pathway?, one likelihood is that this region is tuned to features of
object form shared by members of a category.

A consistent, category-related topology was also found along
the lateral surface of posterior temporal cortex. Previous studies
with human?*** and nonhuman primates*>3¢ have demonstrat-
ed that posterior STS responds to biological motion (for example,
mouth and eye movements). The finding that animals and
human faces elicited greater activity in posterior STS than tools
and houses suggests that the posterior STS may be involved not
only in the perception of biological motion, but also in storing
information about biological motion.

Similarly, the posterior middle temporal gyrus may be a site
for stored information about non-biological object motion*. This
idea is supported by the proximity of this area to motion per-
ception areas®” and by its selective activation when subjects gen-
erate action words**-*° and name and retrieve information about
tools*!>-1°, Finally, damage to this area has been linked to a selec-
tive loss of knowledge about tools®.

Thus, as we suggested for the ventral temporal lobe, the lat-
eral region of the temporal lobe may also be tuned to different
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Fig. 2. Amplitude and time course of category-related modulation.
Representative mean time series for lateral fusiform gyrus (a), medial
fusiform gyrus (b), superior temporal sulcus (c) and middle temporal gyrus
(d) from the contrast between animals (A) and tools (T) in the viewing task.
Data were averaged over subjects and all stimulus categories. Gray bars indi-
cate presentation of meaningful stimuli, and intervening white areas indicate
presentation of control stimuli (phase-scrambled images of the objects).

3

object features that members of a category share. Although the
nature of these features also remain to be determined, given the
functional properties of posterior STS and middle temporal gyrus
discussed above, one possibility may be that the lateral tempo-
ral cortex is tuned to the features of object motion. Biological
objects (faces and animals) were associated with heightened activ-
ity in STS, whereas tools were associated with heightened activi-
ty in the middle temporal gyrus. Houses, which by definition are
stationary, produced negligible activity in both regions. This pat-
tern of activation suggests a superior-to-inferior gradient that
may be tuned to the features yet to be determined that distin-
guish biological motion from motion associated with the use of
manipulable, man-made objects.

Reading the names of, and answering questions about, ani-
mals and tools also produced category-related activity in some
of the same regions identified by the picture processing tasks.
This correspondence provides strong evidence that activity in
posterior temporal cortex reflects stored information about an

nature neuroscience * volume 2 no 10 * october 1999
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Table 2. Posterior temporal regions showing differential responses to faces (F) and houses (H).

Region Selectivity Task (n/N) Hemisphere Talairach coordinates
(n) (xy,2)
Ventral temporal lobe
Lateral fusiform gyrus F>H viewing (7/8) R (7) 39,-59,-11
L(7) -39, -55,-8
matching (8/10) R (8) 39,-53,-19
L (8) —-39,-54,-18
Medial fusiform gyrus H>F viewing (8/8) R (8) 27,-53,-9
L (6) -29,-52,-6
matching (9/10) R (9) 25,-50,-12
L(9) -27,-52,-12
Lateral temporal lobe
Superior temporal sulcus F>H viewing (4/8) R (4) 53,-54, 16
L(I) —42,-59, 19
matching (4/10) R (4) 51,-55,12
L(2) —-48,-57,9

N, total number of subjects tested; n, number of subjects who showed significant, category-related activation (p < 0.05).

object, not just the physical features of the material presented for
processing. Moreover, the finding that an area assumed to be
involved in storing information about object form (fusiform
gyrus) was the region most active when subjects read and
answered questions about animals is consistent with the argu-
ment that information about visual object form is critical for dis-
tinguishing among different animals?. Similarly, the finding that
a region assumed to be involved in storing information about
object use-associated motion (middle temporal gyrus) was most
active when subjects read and answered questions about tools is
consistent with the idea that functional information, such as
object use-associated motion, is critical for distinguishing among
different tools.

These findings suggest that thinking about a particular object
may require activation of the critical features that define that
object. Thus, thinking about any characteristic of a particular
animal would require activation of visual feature information
(as evidenced by the selective activation of the lateral fusiform
region during animal name reading). This finding could pro-
vide an explanation for why some patients with a category-spe-
cific disorder for recognizing living things have difficulty
answering questions that probe both visual and nonvisual infor-
mation"#1-#, In this view, these patients have damage to regions
of the brain that store information about the visual form of ani-
mals, and activation of these representations may be necessary to
gain access to other types of information about animals, assumed
to be stored elsewhere. Neuroimaging evidence in support of

Fig. 3. Category-related activations during tool and house perception in
voxels that responded to both stimuli in the medial fusiform region.
Nine of twelve subjects (eight viewing, four matching) showed a differ-
ential response to both tools and houses. Eight showed the same topo-
logical arrangement. Note that the voxels that responded preferentially
to tools (blue—green spectrum) are lateral to the voxels that responded
preferentially to houses (red—yellow spectrum). White dotted lines rep-
resent the borders of the medial fusiform region that responded more
to pictures of tools than to pictures of animals; white dashed lines rep-
resent the borders of the lateral fusiform region that responded more
to animals than to tools.

nature neuroscience * volume 2 no 10 * october 1999

this possibility has been reported*.

In contrast, it has been proposed that semantic knowledge is
organized according to evolutionarily adapted, domain-specific
knowledge systems for biological and non-biological kinds'. The
clustering of activations associated with animals and faces, on
the one hand, and tools and houses, on the other, may be viewed
as consistent with this interpretation, with the added stipulation
that there are finer-grained distinctions that reflect the neural
representation of different types of biological and non-biological
objects!. However, evidence suggests that not all representations
of non-biological objects cluster together. For example, we have
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TOOLS > houses
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Fig. 4. Pictures and words elicit common category-related activations.
(a) Category-related activations during the word reading/semantic
retrieval task and the picture naming task in two representative subjects.
Talairach coordinates for the coronal sections are indicated below the
images. Note that the topological arrangement of the animal-responsive
(2, lateral fusiform gyrus) and tool-responsive (I, medial fusiform; 3,
middle temporal gyrus/inferior temporal sulcus) regions for the reading
task is similar to the topological arrangement of these regions for the
naming task. (b) Mean time series for voxels that were active during
both word reading and picture naming. Voxels were identified by con-
trasting the animal and tool conditions during the reading task. The
response to naming pictures of animals and tools was then evaluated in
these reading-defined voxels.

reported that the peak of activity associated with chairs, a category
of objects with no evolutionary significance, was located lateral to
the face-responsive region (in the inferior temporal gyrus), rather
than medially?$. Moreover, the domain-specific hypothesis does
not make any predictions about where information about bio-
logical and non-biological objects is represented in the brain. The
present data, along with other neural imaging findings'”-!* indi-
cate first that object knowledge is stored as a distributed network,
and second that the location of these sites are not randomly dis-
tributed, but rather mirror the organization of sensory and motor
systems®#. (See ref. 2 for review of similar models.) Studies show-
ing selective activation of left premotor cortex for naming*# and
retrieving information about tools*’ provide additional support
for this view. Whether there is a broader organization of these
networks reflecting evolutionarily adapted, domain-specific
knowledge system for biological and non-biological kinds
remains to be determined.

In summary, the results of these studies suggest that object
knowledge is stored as a distributed network of cortical regions
that prominently includes the posterior regions of the ventral
and lateral temporal cortex. Our ability to think about and iden-
tify different categories of objects may depend on the activation
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of stored information about the critical sensory- and motor-
based properties that define an object and distinguish it from
other members of the same category?.

MEeTHODS

Experimental design. The stimuli were black-and-white photographs of
animals, tools, faces and houses and the printed names of animals and
tools. All the tasks were presented in a block design. For the viewing task,
1732 different stimuli were used (432 photographs per category). The
stimuli were presented at fixation at a rate of 2 per s, and subjects were
instructed to look carefully at each picture. For the matching task, 240
different stimuli were used (60 photographs per category). A sample
stimulus was presented for 1 s. Following a 0.5-s delay, 2 choice stimuli
(different exemplars of the same object) were presented side by side for
2 s. Subjects indicated which object was identical to the sample stimu-
lus with a button press. For the naming task, 360 different stimuli were
used (6 exemplars of 30 namable animals and tools, matched for fre-
quency and for voice onset time). The stimuli were presented at fixation
for 2 s, and subjects silently named each object. None of the stimuli were
repeated for the viewing, matching or naming tasks. For the reading task,
the written names of animals and tools were presented for 2 s at fixation,
and subjects silently read each word. To ensure that subjects read the
words, general yes or no questions preceded each block (for example, a
block of animal names was preceded by “Forest animal?”, a block of tool
names by “Kitchen tool?”). Subjects responded with button presses. There
were 134 different animal names and 133 different tool names. A small
subset of the words were repeated so there would be an equal number of
stimuli in each block.

Subjects. Twenty-six neurologically normal, right-handed subjects par-
ticipated in these studies. All subjects gave written informed consent in
accordance with procedures and protocols approved by the NIMH Insti-
tutional Review Board. Eight subjects participated in the viewing task,
four participated in the matching task, and six participated in the nam-
ing task. (These six subjects also performed a matching task with pho-
tographs of faces and houses.) Eight subjects participated in the
reading/semantic retrieval task. These eight subjects also performed a
naming task with photographs of animals and tools. Subjects always per-
formed the reading/semantic retrieval task first so reading would not be
influenced by the pictorial examples.

Imaging. There were six imaging runs for each task. Run duration was
5 min, 24 s for the viewing and matching tasks and 4 min, 48 s for the
naming and reading tasks. Eighteen contiguous, 5-mm-thick coronal
images of posterior cortex were obtained on a 1.5 Tesla GE Signa scanner
using standard imaging procedures (TR = 3 s, TE = 40 ms, flip angle =
90°, FOV = 20 cm, 64 X 64 matrix) as described?*.

Data analysis. Individual subject data were analyzed using multiple
regression*®4%, Images were smoothed within the coronal plane using a
Gaussian filter with a full width at half maximum of 1.2 voxels (3.75
mm). Changes in neural activity were modeled as square-wave step func-
tions coincident with the end of one stimulus block and the beginning
of another. These changes were decomposed into orthogonal contrasts:
the differences between animals and tools and between faces and houses.
Additional contrasts tested for differences between tools and houses and
differences between animals and faces. The square-wave contrasts were
convolved with a Gaussian model of the hemodynamic response using
experimentally derived estimates of lag (4.8 s) and dispersion (1.8 s).
These convolved contrasts were the regressors of interest in the multiple
regression analysis. Additional regressors of no interest were included in
the analysis to partial out variance due to differences in mean intensity
between imaging runs and linear changes in intensity within runs.

To identify brain regions that responded to visually presented objects,
we selected voxels that showed a significant experimental effect (z > 3.09
for the combined effect of the regressors of interest) and an overall
increase in activity for objects. Next, category-selective regions were iden-
tified as clusters of 7 or more voxels that showed a differential response to
animals versus tools or faces versus houses (z > 1.96, p < 0.05, two-tailed).
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Stereotaxic coordinates®® were obtained for each of these regions. (See
ref. 24 for details.) A mean time series was calculated for each region of
activation in each subject. Multiple regression with orthogonal contrasts
was used to test the significance of differences across all subjects.

ACKNOWLEDGEMENTS
We thank Leslie Ungerleider for comments and Jill Weisberg and Frangois

Lalonde for technical assistance.

RECEIVED 12 MAY; ACCEPTED 11 AUGUST 1999

2

—_

22.

Caramazza, A. & Shelton, J. R. Domain-specific knowledge systems in the
brain: the animate-inanimate distinction. J. Cogn. Neurosci. 10, 1-34
(1998).

Forde, E. M. E. & Humphreys, G. W. Category-specific recognition
impairments: a review of important case studies and influential theories.
Aphasiology 13, 169-193 (1999).

Perani, D. et al. Different neural systems for recognition of animals and
man-made tools. Neuroreport 6, 1637-1641 (1995).

Martin, A., Wiggs, C. L., Ungerleider, L. G. & Haxby, J. V. Neural correlates
of category-specific knowledge. Nature 379, 649-652 (1996).

Damasio, H., Grabowski, T. J., Tranel, D., Hichwa, R. D. & Damasio, A. R. A
neural basis for lexical retrieval. Nature 380, 499-505 (1996).

Tranel, D., Damasio, H. & Damasio, A. R. A neural basis for the retrieval of
conceptual knowledge. Neuropsychologia 35, 1319-1327 (1997).

Pietrini, V. et al. Recovery from herpes simplex encephalitis: selective
impairment of specific semantic categories with neuroradiological
correlation. J. Neurol. Neurosurg. Psychiatry 51, 1284-1293 (1988).

Sartori, G., Miozzo, M. & Job, R. Category specific naming impairments?
Yes. Q. J. Exp. Psychol. A 46, 489-509 (1993).

Gainotti, G., Silveri, M. C., Daniele, A. & Giustolisi, L. Neuroanatomical
correlates of category-specific impairments: a critical survey. Memory 3,
247-264 (1995).

. Bookheimer, S. Y., Zeffiro, T. A., Blaxton, T., Gaillard, W. & Theodore, W.

Regional cerebral blood flow during object naming and word reading.
Hum. Brain Mapp. 3, 93—106 (1995).

. Price, C.J., Moore, C. J., Humphreys, G. W., Frackowiak, R. S. & Friston, K.

J. The neural regions sustaining object recognition and naming. Proc. R.
Soc. Lond. B Biol. Sci. 263, 1501-1507 (1996).

. Biichel, C., Price, C. & Friston, K. A multimodal language region in the

ventral visual pathway. Nature 394, 274-277 (1998).

. Vandenberghe, R., Price, C. J., Wise, R., Josephs, O. & Frackowiak, R. S. J.

Functional anatomy of a common semantic system for words and pictures.
Nature 383, 254-256 (1996).

. Ricci, P. T. et al. Functional neuroanatomy of semantic memory:

Recognition of semantic associations. Neuroimage 9, 88—96 (1999).

. Mummery, C. J., Patterson, K., Hodges, J. R. & Wise, R. Retrieving “tiger” as

an animal name or a word beginning with T: Differences in brain
activation. . Proc. R. Soc. Lond. B Biol. Sci. 263, 989-995 (1996).

. Mummery, C. J., Patterson, K., Hodges, J. R. & Price, C. J. Functional

neuroanatomy of the semantic system: divisible by what? J. Cogn. Neurosci.
10, 766-777 (1998).

. Cappa, S. E, Perani, D., Schnur, T., Tettamanti, M. & Fazio, F. The effects of

semantic category and knowledge type on lexical-semantic access: A PET
study. Neuroimage 8, 350-359 (1998).

. Perani, D. et al. Word and picture matching: a PET study of semantic

category effects. Neuropsychologia 37, 293-306 (1999).

. Moore, C.J. & Price, C. J. A functional neuroimaging study of the variables

that generate category-specific object processing differences. Brain 122,
943-962 (1999).

. Puce, A, Allison, T., Asgari, M., Gore, J. C. & McCarthy, G. Differential

sensitivity of human visual cortex to faces, letter strings, and textures: a
functional magnetic resonance imaging study. J. Neurosci. 16, 5205-5215
(1996).

. Clark, V. P. et al. Functional magnetic resonance imaging (fMRI) of human

visual cortex during face matching: a comparison with positron emission
tomography (PET). Neuroimage 4, 1-15. (1996).

Kanwisher, N., McDermott, J. & Chun, M. M. The fusiform face area: a
module in human extrastriate cortex specialized for the perception of faces.
J. Neurosci. 17,4302—4311 (1997).

nature neuroscience * volume 2 no 10 * october 1999

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—_

42.

4

w

44.

45.

46.

47.

4

o]

4

o

50.

articles

. McCarthy, G., Puce, A., Gore, J. C. & Allison, T. Face-specific processing in

the human fusiform gyrus. J. Cogn. Neurosci. 9, 605-610 (1997).

Haxby, J. V. et al. The effect of face inversion on activity in human neural
systems for face and object perception. Neuron 22, 189-199 (1999).
Epstein, R. & Kanwisher, N. A cortical representation of the local visual
environment. Nature 392, 598—601 (1998).

Aguirre, G. K., Zarahn, E. & D’Esposito, M. An area within human ventral
cortex sensitive to “building” stimuli: evidence and implications. Neuron
21, 373-383 (1998).

Polk, T. A. & Farah, M. J. The neural development and organization of
letter recognition: Evidence from functional neuroimaging, computational
modeling, and behavioral studies. Proc. Natl. Acad. Sci. USA 95, 847-852
(1998).

Ishai, A., Ungerleider, L. G., Martin, A., Schouten, J. L. & Haxby, J. V.
Distributed representation of object form in the human ventral visual
pathway. Proc. Natl. Acad. Sci. USA 96, 9379-9384 (1999).

Martin, A., Ungerleider, L. G. & Haxby, J. V. in The Cognitive Neurosciences
(ed. Gazzaniga, M. S.) (MIT Press, Cambridge, Massachusetts, in press).
Ungerleider, L. G. & Haxby, J. V. ‘What’ and ‘Where’ in the human brain?
Curr. Opin. Neurobiol. 4, 157-165 (1994).

McNeil, J. E. & Warrington, E. K. Prosopagnosia: A face-specific disorder.
Q. J. Exp. Psychol. A. 46A, 1-10 (1993).

Farah, M. J. Patterns of co-occurrence among the associative agnosia:
Implications for visual object representation. Cognit. Neuropsychol. 3,
25-41 (1991).

Bonda, E., Petrides, M., Ostry, D. & Evans, A. Specific involvement of
human parietal systems and the amygdala in the perception of biological
motion. J. Neurosci. 16, 3737-3744 (1996).

Puce, A., Allison, T., Bentin, S., Gore, J. C. & McCarthy, G. Temporal cortex
activation in humans viewing eye and mouth movements. J. Neurosci. 18,
2188-2199 (1998).

Perrett, D. L. et al. Social signals analyzed at the cell level: someone is
looking at me, something touched me, something moved! Int. J. Comp.
Psychol. 4, 25-54 (1990).

Oram, M. W. & Perrett, D. I. Responses of anterior superior temporal
polysensory (STPa) neurons to “biological motion” stimuli. J. Cogn.
Neurosci. 6,99-116 (1994).

Zeki, S. et al. A direct demonstration of functional specialization in human
visual cortex. J. Neurosci. 11, 641-649 (1991).

Wise, R. et al. Distribution of cortical neural networks involved in word
comprehension and word retrieval. Brain 114, 1803-1817 (1991).

Fiez, J. A., Raichle, M. E., Balota, D. A., Tallal, P. & Petersen, S. E. PET
activation of posterior temporal regions during auditory word presentation
and verb generation. Cereb. Cortex 6, 1-10 (1996).

Martin, A., Haxby, J. V., Lalonde, F. M., Wiggs, C. L. & Ungerleider, L. G.
Discrete cortical regions associated with knowledge of color and knowledge
of action. Science 270, 102-105 (1995).

. Sheridan, J. & Humphreys, G. W. A verbal-semantic category-specific

recognition impairment. Cognit. Neuropsychol. 10, 143-184 (1993).
Laiacona, M., Capitani, E. & Barbarotto, R. Semantic category dissociation:
a longitudinal study of two cases. Cortex 33, 441-461 (1997).

. Funnell, E. & De Mornay Davies, P. JBR: A reassessment of concept

familiarity and a category-specific disorder for living things. Neurocase 2,
461-474 (1997).

Samson, D., Pillon, A. & De Wilde, V. Impaired knowledge of visual and
non-visual attributes in a patient with a semantic impairment for living
entities: a case of true category-specific deficit. Neurocase 4, 273-290
(1998).

Thompson-Schill, S. L., Aguirre, G. K., D’Esposito, M. & Farah, M. J. A
neural basis for category and modality specificity of semantic knowledge.
Neuropsychologia 37, 671-676 (1999).

Grabowski, T. J., Damasio, H. & Damasio, A. R. Premotor and prefrontal
correlates of category-related lexical retrieval. Neuroimage 7, 232-243
(1998).

Grafton, S. T., Fadiga, L., Arbib, M. A. & Rizzolatti, G. Premotor cortex
activation during observation and naming of familiar tools. Neuroimage 6,
231-236 (1997).

. Friston, K. J. et al. Analysis of fMRI time-series revisited. Neuroimage 2,

45-53 (1995).

. Haxby, J. V., Maisog, J. M. & Courtney, S. M. in Mapping and Modeling the

Human Brain (eds. Lancaster, J., Fox, P. & Friston, K.) (Wiley, New York, in
press).

Talairach, J. & Tournoux, P. Co-Planar Stereotaxic Atlas of the Human Brain
(Thieme, New York, 1988).

919



